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 Remobilization of Zn from shoot to grain contributes significantly to Zn
grain concentrations and thereby to food quality. On the other hand, 
strong accumulation of Cd in grain is detrimental for food quality.
 Zn concentrations and isotope ratios were measured in wheat shoots 
(Triticum aestivum L.) at different growth stages to elucidate Zn 
pathways and processes in the shoot during grain filling. 
 Zinc mass significantly decreased while heavy Zn isotopes accumulated 
in straw during grain filling (Δ66Znfullmaturity-flowering = 0.21 to 0.31 ‰). 
Three quarters of the Zn mass in the shoot moved to the grains, which 
were enriched in light Zn isotopes relative to the straw (Δ66Zngrain-straw 
-0.21 to -0.31 ‰). 
 Light Zn isotopes accumulated in phloem sinks while heavy isotopes 
were retained in phloem sources likely because of apoplastic retention 
and compartmentalization. Unlike for Zn, an accumulation of heavy Cd 
isotopes in grains has previously been shown. The opposing isotope 
fractionation of Zn and Cd might be caused by distinct affinities of Zn 
and Cd to O, N and S ligands. Thus, combined Zn and Cd isotope 
analysis provides a novel tool to study biochemical processes that 
separate these elements in plants.
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Zinc is an essential micronutrient for all biota. In plants, Zn is a cofactor for
more than 300 enzymes (Coleman, 1998). Thus, Zn plays an important role in
numerous metabolic processes such as detoxification of oxygen radicals or the
maintenance of membrane integrity  (Broadley  et al., 2012). Consequently, an
adequate Zn supply, efficient Zn uptake mechanisms, and the redistribution of
Zn into the different plant organs are crucial for regular plant growth (Page &
Feller, 2015). In human nutrition, sufficiently high Zn concentrations in edible
plant parts are vital to prevent Zn deficiencies (Frossard et al., 2000; Palmgren
et al., 2008). Thus, understanding of uptake and remobilization processes of Zn
during the grain filling period of cereals is essential (Pottier et al., 2014; Yamaji
& Ma, 2014).
Once Zn is taken up by the roots, a complex long-distance transport system
facilitates the distribution of Zn to the vegetative and reproductive organs. In
the roots, Zn is loaded into the xylem, which is directed to transpiring organs
such as expanded leaves. The osmotically driven phloem directs Zn to organs
that are not in the main xylem stream such as young leaves, emerging roots, and
grains (Yamaji & Ma, 2014). During grain filling, nutrients in senescent leaves
and stems are remobilized from the straw and transported via the phloem into
the grains (Pottier et al., 2014). In addition, during grain filling, the plant is still
taking  up  Zn  from the  soil,  which  is  continuously  loaded  into  the  xylem,
directly transferred into the phloem, and transported into the grains without an
intermediate storage in the leaves and stems (Yoneyama et al., 2015). For both
pathways,  Zn needs to  cross several apoplastic barriers  (Olsen & Palmgren,
2014) and changes its chemical environment several times  (Yoneyama  et al.,
2015).
Many metal chelators and membrane proteins are involved in Zn transport from
soil  to  grain  (Yamaji  &  Ma,  2014;  Alvarez-Fernandez  et  al.,  2014).
Unfortunately, the substrate specificity of these transporters is limited (Khan et
































element  Cd.  Because  of  the  accumulative  characteristics  of  Cd  in  human
bodies, its small but continuous intake can harm organs such as the kidneys
(Godt  et  al.,  2006).  Therefore,  the  strongly linked uptake  and redistribution
processes of these elements need to be understood in order to foster and reduce
Zn and Cd concentrations in edible plant parts, respectively, 
In the past decade, various studies have analyzed Zn isotope ratios in several
plant species under varying Zn supply (reviewed in Caldelas & Weiss, 2017).
The plants showed distinguishable Zn isotope fractionation patterns that were
caused  by distinct  biogeochemical  processes.  For  instance,  heavier  isotopes
preferentially fractionate into shorter (or harder) bonds and lighter isotopes into
longer  (or  softer)  bonds  during  equilibrium  fractionation,  while  incomplete
chemical  reactions  or  physical  transport  processes  such  as  adsorption,
membrane transport, change of metal speciation, cellular compartmentalization
and diffusion result  in kinetic isotope fractionation  (Fry,  2006; Balter  et al.,
2013; Caldelas & Weiss, 2017). Therefore, Zn isotope fractionation in plants
contains  information  about  the  main  processes  that  determine  uptake  and
distribution of Zn in plants. The integration of Zn isotope data into existing
conceptual models of Zn uptake and transport in plants can provide additional
indications of the main mechanisms that determine Zn concentrations in grains. 
To date, most studies focused on Zn isotope fractionation during plant uptake
and less data are available on Zn isotopic fractionation in plant shoots (Caldelas
& Weiss, 2017). Leaves of trees in a pristine tropical watershed were enriched
in light isotopes compared to the stems, which was attributed to a continuous
removal of heavy Zn isotopes into the adjacent cells of the xylem vessels (Viers
et al., 2007). In contrast, combined Zn isotope and speciation measurements in
a reed canary grass revealed that light Zn isotopes accumulated in stems and
heavy Zn isotopes in leaves (Aucour et al., 2015). The Zn isotope fractionation
within the shoot has been explained by Zn remobilization from leaves via the
phloem  to  stems  where  the  majority  of  the  Zn  was  stored.  Moreover,  the
enrichment of heavy Zn isotopes in leaves has been ascribed to sorption to cell

































(Aucour  et al.,  2015).  Moynier  et  al.  (2009) observed a positive correlation
between the enrichment of light Zn isotopes and the height of leaves above the
soil in bamboo. A similar relation has been found in reed, where the highest and
youngest  leaves  were  isotopically  lighter  than  the  lower  and  mature  leaves
(Caldelas et al., 2011). In summary, Zn isotope fractionation between stem and
leaves varies between plant species which might be related to age and height of
plant tissues but also to the Zn distribution within the plant shoot. To date, only
one study measured Zn isotope ratios in reproductive organs at full maturity.
Arnold et al. (2015) have shown that grains of rice were significantly enriched
in light isotopes compared to the remaining shoot. The preferential storage of
the light Zn isotopes in the grains has been explained by xylem-phloem transfer
and the entry and reentry of the symplastic space during the transport into the
grain. To date, no study has measured Zn isotope ratios in different shoot organs
at different growth stages. Such data could provide information about pathways
and processes of Zn that control the transfer of Zn into the grain. 
A recently published study has shown that wheat grains are enriched in heavy
Cd  isotopes  compared  to  straw  and  root  (Wiggenhauser  et  al.,  2016).  The
opposing isotope fractionation of Cd in wheat and Zn in rice  (Arnold  et al.,
2015) suggests that isotope ratios of these metals could be used to study the
distinct redistribution processes of chemically similar nutrients and pollutants.
We are not aware of a direct comparison of Zn and Cd isotope fractionation in
identical soil-plant systems.
In this study, we focused on the redistribution of Zn isotopes in wheat shoots
during the grain-filling period. For that purpose, we sampled shoots grown on
arable  soils  under  controlled  conditions.  Zinc  isotopes  were  measured  in
various shoot organs at the onset and end of grain filling. In order to compare
Zn with Cd isotope fractionation, we used the same wheat cultivar and soils as
in a previous study about Cd isotope fractionation (Wiggenhauser et al., 2016).
The objectives of the study were to (a) determine and compare the Zn isotope
fractionation among various organs of the wheat shoot at flowering and at full

































shoot  and  to  refine  existing  conceptual  models  that  describe  biochemical
process that cause Zn isotope fractionation within plant shoots (c) and compare
the  isotope  fractionation  of  Zn and  Cd  in  identical  soil-wheat  systems.  We
expected  that  Zn  isotope  ratios  become  significantly  fractionated  between
flowering and grain filling since Zn is remobilized from different organs in the
shoots towards the grains, which involves several processes that are prone to
fractionate  Zn  isotopes.  Furthermore,  we  expected  that  Zn  and  Cd  isotope
fractionation  differs  in  identical  soil-plant  systems  because  of  distinct
biochemical  processes  in  plants  that  discriminate  these  chemically  similar
elements.
Materials and Methods
Plant growth and sampling
The wheat cultivar (Triticum aestivum L., cv. “Fiorina”) and arable soils from
the Swiss Soil Monitoring Network (Gubler et al. 2015) from Oensingen (Oen)
and Landquart (LQ) were representative for Swiss wheat production (Table S1).
The  soils  had  similar  Zn  concentrations  (LQ  96 ± 7.7 mg kg-1,  Oen
100 ± 1.0 mg kg-1, Table S1) but differed in pH (LQ 7.1, Oen 5.6). The latter
was expected to drive the plant availability of Zn in these soils  (Mertens &
Smolders, 2013). The chosen soil-wheat systems were identical with the ones
previously  used  to  study  Cd  isotope  fractionation  in  soil-wheat  systems
(Wiggenhauser et al., 2016). 
Wheat was grown in pots that contained 1 kg of dry soil. The wheat plants were
cultivated  in  a  growth  chamber  with  the  following  settings:  photoperiod
16 h:8 h, light:dark, illuminance 25 klx, temperature 24°C at daytime and 16°C
at night, humidity 60%.  To ensure regular plant growth, 100 mg N (80 mg N
applied as Ca(NO3)2 and 20 mg as NH4NO3),  35 mg P (KH2PO4),  50 mg K
(K2SO4), 25 mg Mg (MgSO4), and 5 mg Fe (Fe-EDTA) were added to each pot































of the maximal water holding capacity (Table S1). For each soil,  eight pots
were prepared. The wheat was sampled at flowering and at full maturity. The
time  periods  before  flowering  and  between  flowering  and  grain  filling  are
considered as vegetative growth and grain filling periods, respectively. Four out
of  eight  replicates  were  sampled  at  flowering  and  four  at  full  maturity.  At
flowering, the wheat was sampled as soon as tillers number 1-3 were flowering
and the total number of tillers was recorded. Tillers 1-3 were dissected into flag
leaves,  peduncle,  rachis,  spikelets,  lower  shoots,  and  senescent  leaves
(illustrated  in  Fig.  S1).  The remaining shoot  biomass  was  defined as  lower
straw. At full maturity, flag leaves, peduncle, rachis, spikelets, and grains were
sampled for all tillers (Fig. S1). The remaining shoot biomass was also defined
as lower straw. After sampling, shoot organs were rinsed with >18.2 MΩ H2O.
At full maturity, roots were also sampled to compare isotope fractionation of Zn
and Cd  (Wiggenhauser et al., 2016) in the same soil-plant systems. The roots
were cleaned using 6 mM NaNO3 as described previously (Wiggenhauser et al.,
2016). 
Sample preparation
Plant and soil  samples were ground in a rotary mill  equipped with tungsten
carbide  cups.  Plant  material  (0.2 g)  was  digested  in  a  high-pressure  single
reaction chamber microwave system  (turboWave, MWS microwave systems)
using 4 mL distilled 6 M HNO3. Duplicates of the initially sampled soils were
digested on the hotplate (130°C) in closed teflon beakers using a mixture of 2
mL HNO3 and 2 mL HF. Additionally, 0.1 M HCl extractions of the same soils
were prepared to estimate plant available Zn  (Ponnamperuma et al., 1981) as
previously used to study Zn isotope fractionation in soil-plant systems (Arnold
et al., 2010, 2015; Smolders et al., 2013).
Sample purification and isotope analysis
Aliquots of the digested samples were taken to determine Zn concentrations
with  quadrupole  ICP-MS.  Additionally,  concentrations  of  micro-  and
































Mn, Ni, and Fe), ICP-OES (Ca, K, Mg, and P), and Element Analyzer (C, N,
and S; details in Table S2). Three out of the four individually digested plants
were further purified for isotope analysis using an adapted protocol from Pinna
et  al.  (2001) and  Bermin  et  al.  (2006).  Polypropylene  columns  (Spectrum
Laboratory, Spectra/Chrom® Minicolumns) were filled with an anion-exchange
resin (2 mL, Bio-Rad laboratories, AG® 1-X8, 100-200 mesh). After cleaning of
the resin with 2 M HNO3 (10 mL) and 0.5 M HCl (5 mL), the columns were
conditioned with 6 M HCl (10 mL). The samples were loaded in 6 M HCl (5
mL) and the sample matrix was eluted adding consecutively 6 M HCl (10 mL),
2.5 M HCl (5 mL) and 0.5 M HCl (15 mL). Finally, the samples were eluted
using 0.3 M HNO3 (10 mL), evaporated to dryness and resolubilized in 0.3 M
HNO3  (5 mL).  Afterwards,  aliquots of the samples containing 100 ng of Zn
were taken and mixed with 100 ng of the double spike consisting of the  67Zn
and 64Zn isotopes (Bermin et al., 2006). The blank samples were evaporated to
dryness and amended with 50 ng of the 67/64Zn double spike. The mixture was
then evaporated to dryness and resolubilized in 0.3 M HNO3 (1 mL). For each
digestion and purification batch, a soil or plant standard reference material and
a blank were processed together with the samples. All acids used were double
distilled to keep the blank as low as possible. The contribution of the procedural
blanks were low and ranged from 0.3 to  3.8 % to the total  Zn mass  of  the
samples and their impact on the Zn isotope ratios was therefore expected to be
negligible  (Table  S3a).  Measurements  of  the  different  standard  reference
materials revealed high average Zn recoveries (96 to 103 %, Table S3b).
Isotope ratios were measured using a Thermo Scientific  Neptune Plus high-
resolution multicollector ICP-MS following the protocol of Bermin et al. (2006)
and  Zhao et al. (2014). Samples were introduced with an Aridus desolvating
nebulizer system (Cetac, Omaha, NE, USA). The 67/64Zn double spike was used
to correct  for mass  bias drifts  during the measurements and to calculate Zn
concentrations of the samples using isotope dilution  (Archer & Vance, 2004;
Bermin et al., 2006). The Zn isotope data acquired with SRMs revealed good

































isotope ratios agreed well with ratios obtained in other laboratories (Table S3b).
Long-term reproducibility  of  Zn  isotopic  analyses  was  ± 0.06 ‰.  This  was
assessed  over  the  course  of  this  and  parallel  studies,  through  repeated
measurements of a primary (JMC Lyon) and a secondary Zn isotope standard
(IRMM-3702). These latter give 66ZnJMC-Lyon = +0.30 ± 0.06 (2 sd, n = 350 at the
time of writing (Moeller et al., 2012; Archer et al., 2017).
Calculations and statistics
The isotope compositions of the samples are reported relative to JMC Lyon Zn
isotope standard using a δ notation based on the 66Zn/64Zn ratio:
  δ66Zn=[ ( Zn66 / Zn64 )sample( Zn66 / Zn64 )LyonJMC−1]×1000   (Eqn. 1)
The apparent isotopic fractionation during grain filling was calculated using the
Δ notation:
  ∆66Zngrain. filling=δ
66Znfullmat−δ
66Znflowering   (Eqn. 2)
where “fullmat” and “flowering” denote the time of sampling (full  maturity,
flowering) and “grain.filling” the period between flowering and full maturity.
The same equation was also used to calculate the apparent isotope fractionation
between different compartments of the soil-plant system (e.g., Δ66Znwheat-exctract) 
The isotope ratios of plant organs that consist of several individually measured
organs such as e.g., straw, shoot or whole plant were determined using weighted
mean calculations with the Zn mass as weighting factor as described previously
(Wiggenhauser  et al.,  2016). Mass balances for each individual wheat organ
were calculated for a single tiller (i.e. the Zn masses of an individual organ
were divided by the number of sampled tillers). 
To determine if differences in Zn mass and Zn isotope ratios among the wheat
organs (n ≥ 3 biological replicates) were statistically significant within the same




























effect was detected. The changes of Zn masses and isotope ratios during grain
filling were calculated by subtracting mean Zn masses and isotope ratios  at
flowering from mean masses and isotope ratios at full maturity: 
meangrain. filling=meanfullmat−meanflowering (Eqn. 3)
The  standard  error  of  these  mean  values  were  calculated  using  an  error
propagation: 
SEgrain. filling=√(SEfullmat )2+(SE flowering)2 (Eqn. 4)
where SE denotes standard errors of Zn mass and Zn isotope ratios measured at
full maturity or at flowering. Significant differences of these mean values were
then tested using t-tests. 
For all statistical tests and correlations between variables (Pearson’s correlation
coefficient),  the  level  of  significance  was  set  to  p <  0.05.  Statistical  tests,
correlations and plots were computed using the statistical software R (version
3.1.3).
Results
Soil properties and plant growth
The 0.1 M HCl-extractable Zn concentration, considered as plant-available Zn,
was significantly lower in LQ (0.40 ± 0.01 mg kg-1) than in Oen (10.9 ± 0.11
mg kg-1),  likely  because  of  the  higher  soil  pH  in  LQ  compared  with  Oen
(Mertens & Smolders, 2013). 
At flowering, total shoot dry weight (DW) were 5.61 ± 0.25 g and 6.42 ± 0.91 g
for LQ and Oen, respectively (Table 1). Among the shoot organs, the lower
straw accounted for 62 to 71 % of the total DW of the shoots while the spikelets
accounted  for  15  to  18 %  of  the  total  shoot  DW.  All  other  shoot  organs




























accounted for 47 to 54 % of the total DW of the wheat shoot, lower straw for 21
to 31 %, spikelets for 15 to 17 %, and the remaining organs for less than 4 %.
During grain filling, total shoot DW increased by a factor of 2 to 3 in Oen and
LQ, respectively. Moreover, the straw DW increased by a factor of 1.1 and 1.5
in Oen and LQ, respectively. 
Zinc concentrations and mass in wheat shoots
Total Zn concentrations in shoots at flowering were 28.5 ± 1.2 mg kg-1 in LQ
and  15.8 ± 1.1  mg kg-1 in  Oen  (Table  1). Moreover,  lower  shoot  Zn
concentrations  in  Oen than in  LQ were unexpected,  because the 0.1 M HCl
extracted about 25 times more Zn from the Oen soil than from the LQ soil
(Table S2). A detailed discussion of disagreement of the Zn concentrations in
the 0.1 M HCl extract and the wheat shoots is given in Notes S1. 
At flowering, the Zn concentrations in the straw organs ranged in LQ from 18.0
to 29.5 mg kg-1  and in Oen from 7.4 to 22.3 mg kg-1 (Table 1). In LQ, the Zn
concentrations  in  the  flag  leaves,  spikelets,  and  lower  straw  (26.9  to  29.5
mg kg-1)  were  significantly  higher  than  in  rachis,  peduncle,  and  senescent
leaves (18.0 to 21.5 mg kg-1). In Oen, the Zn concentrations in the spikelets,
rachis,  and  flag  leaves  were  significantly  higher  (17.2  to  22.3  mg kg-1)
compared  with  the  senescent  leaves,  lower  straw,  and  peduncle  (7.4  to
15.2 mg kg-1). At full maturity, the Zn concentrations were highest in the grains
(25.8 to 33.3 mg kg-1) and ranged in the straw organs from 5.9 to 18.0 mg kg-1 in
LQ and from 4.7 to 14.6 mg kg-1 in Oen. 
During grain filling, the shoot took up additional Zn from the soil (15.6 to 19.7
µg per tiller, Table S4). Furthermore, the grains accumulated more Zn (25.8 to
33.3  µg  per tiller) than the shoot accumulated additionally within this period.
These calculations show that part of the Zn in the grain derived from the Zn
pool in the straw that accumulated during vegetative growth and that was later
remobilized during grain filling. Fig. 1 illustrates that the different shoot organs
lost distinct quantities of Zn mass. In LQ, lower straw lost most Zn mass during
































-2.79 µg) and by rachis and peduncle (-0.20 to 0.15 µg). In Oen, spikelets and
lower straw lost most Zn mass during grain filling (-5.70 to -2.76 µg), followed
by flag leaf (-1.25 ± 0.22 µg) and peduncle and rachis (-0.39 to -0.05 µg). At
full maturity, the Zn in the grains accounted for 76 to 77 % of total Zn mass in
the shoot (Table S4).
Zinc isotope ratios in soils and whole wheat
Zinc isotopes were significantly fractionated in both soil-plant systems at full
maturity (Fig. S2). Bulk soils of LQ and Oen had indistinguishable Zn isotope
ratios (δ66Zn: LQ 0.18 ± 0.01 ‰, Oen 0.16 ± 0.01 ‰). The Zn isotope ratios in
the HCl soil extracts were significantly heavier than in the total soil digests and
Zn isotope ratios in the HCl extracts were heavier in LQ than in Oen (δ66Zn:
LQ 0.60 ± 0.03 ‰, Oen 0.37 ± 0.08 ‰). Relative to the HCl extracts, the whole
wheat plant at full maturity was depleted in heavy Zn isotopes in LQ (Δ66Znwheat-
extract:  -0.33 ‰)  but  enriched  in  heavy  Zn  isotopes  in  Oen  (Δ66Znwheat-extract:
0.13 ‰). The strong enrichment of heavy isotopes in the wheat grown on Oen
further  supports  the hypothesis  that these plants were insufficiently supplied
with Zn which is discussed in detail in Notes S2. 
Zinc isotope ratios in wheat shoots
The Zn isotope ratios in the whole shoot changed during grain filling (Fig. 2).
In  LQ,  the  shoots  were  significantly  enriched  in  heavy Zn  isotopes  at  full
maturity  relative  to  flowering  (Δ66Zngrain.filling: 0.07 ± 0.01 ‰).  However,  a
similar enrichment of heavy Zn isotopes during grain filling was not significant
in Oen (Δ66Zngrain.filling:  0.05 ± 0.06 ‰).
Zinc isotope ratios differed significantly among the shoot organs at both growth
stages (Fig. 3a). At flowering, spikelets were significantly enriched in light Zn
isotopes  (δ66Zn: LQ -0.13 ± 0.01 ‰, Oen 0.28 ± 0.06 ‰) compared with the
other organs for both soils (δ66Zn: LQ 0.05 to 0.46 ‰, Oen 0.52 to 0.72 ‰).
The  strongest  enrichment  in  heavy  isotopes  was  found  in  senescent  leaves































spikelets were enriched in light Zn isotopes in both soils (δ66Zn: LQ 0.18 to
0.36 ‰, Oen 0.45 to 0.47 ‰). The strongest enrichment of heavy isotopes was
found in peduncle and rachis (δ66Zn: LQ 0.76 to 0.78 ‰, Oen 0.78 to 0.97 ‰). 
Zinc isotopes in the straw organs changed during grain filling in a range of
Δ66Zngrain.filling from 0.14 to 0.62 ‰ (Fig. 3b). The apparent isotope fractionation
during grain filling tended to be stronger in LQ (Δ66Zngrain.filling: 0.32 to 0.62 ‰)
compared  to  Oen  (Δ66Zngrain.filling: 0.14  to  0.47 ‰).  The  pattern  of  isotope
fractionation during grain filling in the individual organs differed between the
two soils: the smallest Zn isotope fractionation occurred for LQ in lower straw
(Δ66Zngrain.filling: 0.32 ‰ ± 0.05) and for Oen in flag leaves, rachis and spikelets
(Δ66Zngrain.filling: 0.14 to 0.20 ‰). The strongest enrichment of heavy Zn isotopes
occurred  for  LQ  in  the  peduncle  (Δ66Zngrain.filling: 0.62 ‰ ± 0.09),  rachis
(Δ66Zngrain.filling: 0.52 ± 0.08 ‰) and spikelets (Δ66Zngrain.filling: 0.49 ‰ ± 0.01) and
for Oen in the peduncle (Δ66Zngrain.filling: 0.47 ‰ ± 0.05). 
We expected that the more of Zn was lost the stronger should be the apparent
Zn isotope fractionation in the straw organs during grain filling. As suggested
by  Arnold  et  al.  (2015),  such  a  relation  might  be  described  by a  Rayleigh
model.  However,  the  suggestion  of  Arnold  et  al.  (2015)  is  based  on  the
assumption of a closed system, implying no direct transfer from soil to grain
during grain filling. In our study, the shoot has taken up additional Zn during
grain filling (Table S4) which indicates that the relation between Zn mass and
isotope fractionation followed also open system dynamics (Fry, 2006). We tried
to establish a model for this relation by plotting the fractional change of Zn
mass and the apparent isotope fractionation of each  organ during grain filling





























Isotope fractionation during vegetative growth
At flowering,  spikelets were significantly enriched in light Zn isotopes (Fig.
3a).  In  general,  it  is  proposed  that  Zn  moves  with  the  transpiration  stream
towards  the  transpiring,  photosynthetically  active  organs  such  as  expanded
leaves (Fig. 4;  Yamaji & Ma, 2014; Page & Feller, 2015). However, to also
supply young plant organs that transpire less than fully developed leaves, Zn
needs to be redistributed via the phloem (Yamaji & Ma, 2014; Page & Feller,
2015). Transport of Zn from expanded leaves to young leaves in wheat has been
proven with a  65Zn pulse label  (Riesen & Feller, 2005; Page & Feller, 2005).
After Zn was transported from the roots to the expanded leaves, it continuously
moved  to  the  youngest  leaves  during  vegetative  growth.  In  our  study,  the
emerging ears were the youngest tissues of the wheat and accounted for 20 % of
the  total  biomass  at  flowering  (Table  1).  Therefore,  the  majority  of  the
transpiration stream must have been directed towards the organs of the lower
shoot which accounted for 80 % of the total shoot biomass and only a minor
part was directed to the ears until flowering. Among the organs of the ears, the
spikelets  contributed  most  to  the  DW  of  the  ears  at  flowering  (Table  1).
Moreover, the spikelets started to develop in the stem excluded from sunlight.
In that phase, the spikelets must have been fed by the phloem. Consequently, it
is likely that the spikelets were mainly supplied with Zn via the phloem during
vegetative growth, which might have led to the strong enrichment of the light
Zn isotopes (Fig. 4). 
Part of the oldest leaves that were already senescent at flowering were depleted
in Zn and enriched in heavy isotopes compared to the photosynthetically active
plant organs (Fig. 3a). As suggested previously (Stomph et al., 2014; Schippers
et al., 2015), older plant organs might have acted already as phloem sources































that  light  isotopes  were  preferentially  remobilized  from the  phloem sources
(Fig. 4). 
Isotope fractionation during grain filling
During  grain  filling,  the  wheat  shoots  accumulated  markedly  more  Zn  and
became enriched in heavy Zn isotopes relative to the vegetative growth period
(Fig. 2). Previous studies suggested that an enhanced Zn uptake into the shoot
through enhanced transpiration (Couder et al., 2015) or a stronger expression of
low affinity transporters (John et al., 2007) could have led to an enrichment of
light isotopes in the shoot. Furthermore, an enrichment of heavy Zn isotopes in
shoots  of  different  plant  species  was  ascribed  to  the  release  of  organic
compounds  that  mobilize  additional  Zn  from the  soil  (Arnold  et  al.,  2010;
Smolders et al., 2013; Houben et al., 2014). Therefore, the enrichment of heavy
isotopes in the wheat shoots during grain filling might have been caused by an
enhanced exudation of organic compounds such as phytosiderophores (Awad &
Römheld, 2000; Puschenreiter et al., 2017). Additionally, a previous study had
shown that a significant fraction of a Zn radiolabel that was applied to young
wheat shoots was recovered in the roots (Riesen & Feller, 2005). Thus, it cannot
be excluded that Zn transport  from shoot to root also occurred during grain
filling in our experiment.  Such a transport  would occur via the phloem and
would be expected to preferentially export the light Zn isotopes from the shoot
to the roots (Fig. 4, see next sections for details). 
The  straw lost  Zn and  became enriched in  heavy Zn  isotopes  during  grain
filling (Fig. 1, Fig. 3b). This observation is consistent with the enrichment of
heavy Zn isotopes  in  senescent  leaves  at  flowering  that  we ascribed  to  the
remobilization  of  Zn  from  dying  biomass  to  plant  organs  with  a  high  Zn
demand. At full maturity, about three quarters of the Zn was stored in the grains
which  were  enriched  in  the  light  Zn  isotopes  relative  to  the  straw.  This
observation is  in agreement  with the enrichment  of the light  Zn isotopes in
grains of rice (Arnold et al., 2015) or in the stems of reed, in which most of the
































grains demand high amounts of nutrients and exhibit low transpiration rates.
Thus, grains are expected to be supplied with Zn via the phloem (Fig. 4, Herren
& Feller,  1994;  Pearson et  al.,  1995).  Consequently phloem sources (straw)
became enriched  in  heavy Zn isotopes,  while  phloem sinks  (grain)  became
enriched in the light Zn isotopes during grain filling (Fig. 4). However, it is not
clear if Zn that was additionally taken up from the soil during grain filling and
loaded directly into the grain (without intermediate storage in stems or leaves,
Page & Feller, 2015; Yoneyama et al., 2015) also contributed to the enrichment
of light isotope in the grain. 
The  distinct  Zn  supply of  the  soils  might  have  influenced  the  apparent  Zn
isotope fractionation during grain filling (Fig.  3b).  Senescence of vegetative
organs is an active process that is synchronized with nutrient demands in plants
(Pottier  et al., 2014). Additionally, the timing and strength of phloem source
and sink formation is influenced by stresses including inadequate micronutrient
supply  (Waters  et al., 2009; Schippers  et al., 2015). In this study, the low Zn
supply of the Oen soil probably accelerated leaf senescence compared to LQ
(Table 1). This suggests that reallocation of Zn within the shoot was already
advanced at the flowering stage in Oen. Hence, the distinct timing of the Zn
redistribution  in  the  plant  between the  two study soils  might  have  led  to  a
weaker  apparent  isotope  fractionation  between  straw  and  grain  in  Oen
compared to LQ during grain filling (Fig. 3b). Furthermore, the distinct timing
of phloem source and sink formation between the study soils also affect the Zn
distribution on a plant organ level (Stomph et al., 2014). 
Although all organs became significantly enriched in heavy isotopes, the extent
of isotope fractionation could not be related with the change of Zn mass during
grain filling (Figure S3). In this period, the wheat took up additional Zn, thus,
the isotope fractionation in the organs were not only determined by exporting
light isotopes to the grains, but also by importing additional Zn. For each organ,
the net change of mass during grain filling is known but the ratio of Zn that was
































change of Zn mass and apparent Zn isotope fractionation suggests that this ratio
differed for each organ. 
Biochemical processes causing Zn isotope fractionation in wheat
Our results demonstrated that phloem sources are enriched in heavy isotopes
and phloem sinks in light isotopes at flowering and full maturity. Absorption to
cell walls in the apoplastic space could be a key process in retaining heavy
isotopes  in the phloem sources such as the senescent straw organs (Fig.  4).
Previous studies have shown that isotopically heavy Zn is preferentially sorbed
to  cell  walls  of  diatoms  (John  et  al.,  2007).  In  plant  roots,  heavy Zn  was
retained  by  O-ligands  of  pectin-containing  cell  walls,  particularly  the  Zn
fraction that is tightly bound to such cell walls (Aucour et al., 2015; Tang et al.,
2016). In plant shoots, Zn has to cross apoplastic barriers during the transport
from stems and leaves into the grain (Olsen & Palmgren, 2014). Each time Zn
has to cross such an apolastic barrier, heavy Zn isotopes might be preferentially
retained by sorption to cell  walls. This explanation is strongly supported by
speciation and isotope measurements of Zn in wetland plants that showed that
more Zn was bound to cell walls in dead biomass that in living biomass while
heavy isotopes were enriched in the dead biomass (Aucour et al. 2015, 2017).
To further  test  this  hypothesis,  Zn should  be  extracted  from leaf  cell  walls
(Tukey, 1970) to measure Zn isotope ratios of cell wall bound Zn as recently
demonstrated for roots (Tang et al., 2016; Aucour et al., 2017). 
Complexation  and compartmentalization  of  Zn in  the  cells  might  have  also
contributed  to  the  enrichment  of  light  isotopes  in  phloem sinks.  Free  Zn2+
concentrations in the cytosol is thought to be tightly controlled by complexation
to organic ligands to prevent Zn toxicity (Blindauer & Schmid, 2010). Recently,
nicotianamine (NA) has been suggested to play a major role as cytosolic Zn
ligand (Clemens et al., 2013). The O and N donor ligands of NA are expected to
preferentially bind heavy Zn isotopes  (Fujii  et al.,  2014), which leads to an
enrichment  of  light  Zn  isotopes  in  the  cytosolic  Zn2+ pool.  The  observed
































Zn2+ pool in the cytosol is transported to these phloem sinks. In addition, excess
Zn in the cytosol can also be stored in vacuoles where Zn is partly bound to
organic acids  (Aucour et al., 2015) and released when the Zn demand is high
(Olsen  &  Palmgren,  2014).  Our  data  suggests  that  heavy  isotopes  are
preferentially immobilized in the vacuoles likely through complexation of Zn to
O donor ligands.
Besides  vacuolar  storage,  Zn  is  also  transported  into  other  subcellular
compartments such as the chloroplast and mitochondria where it is needed as a
cofactor  for  enzymes  (Nouet  et  al.,  2011).  During  senescence,  the  plant
catabolizes these compartments in the straw, which might release Zn into the
cytosol that was not available for retranslocation at the onset of grain filling
(Pottier  et al.,  2014). Our data suggest that the Zn pool released from these
organelles must have been isotopically lighter than the retained Zn pool in the
straw during grain filling.
In the alkaline phloem sap, Zn is chelated to remain soluble and transported
towards phloem sinks  (Alvarez-Fernandez  et  al.,  2014). For grasses,  Zn has
been  found  to  be  complexed  dominantly  by  NA and  Zn  could  have  been
entirely bound to NA (Nishiyama et al., 2012). An incomplete complexation of
Zn is expected to enrich the free Zn2+ pool in light isotopes (Fujii et al., 2014).
To date, it is not clear if Zn is unloaded into wheat grains from the phloem as
dissociated light Zn2+ or as complexed Zn. The enrichment of light isotopes in
the  grains  supports  the  assumption  that  light  Zn2+ was  transported  into  the
grains. Isotope ratio measurements in phloem sap and grains could identify the
final Zn species loaded into the grain.
Caldelas & Weiss (2017) showed in their review that diffusion and membrane
transport  favor  light  isotopes.  Lighter  Zn isotopes  diffuse faster  than  heavy
isotopes  (Rodushkin  et  al.,  2004).  Thus,  diffusion-driven  short-distance
transport  in e.g.,  the cell  symplast  could have led to  an enrichment  of light
isotopes in phloem sinks.  John et al. (2007) reported a preferential uptake of
































membrane transport itself or to the diffusion from the nutrient solution towards
the diatom. Therefore, it is likely that diffusion processes also contributed to the
enrichment  of  light  isotopes  in  the  young  tissues  and  grains.  However,  the
chemically similar element Cd was enriched in heavy isotopes in wheat grains
which was ascribed to complexation of light isotopes to thiols in root and straw
(Wiggenhauser et al.,  2016, details next section). This example suggests that
isotope effects caused by complexation can superimpose isotope effects induced
by diffusion and membrane transport as they also occur for Cd. 
Inverse isotope fractionation of Zn and Cd in the same soil-plant systems
We compared Zn concentration and isotope ratios with previously published Cd
data  (Wiggenhauser  et  al.,  2016)  that  were  obtained  in  identical  soil-plant
systems (Table 2). In these systems, Zn concentrations were significantly higher
but  Cd  concentrations  were  significantly  lower  in  grains  than  in  straw.
Moreover,  wheat grains were enriched with light Zn and heavy Cd isotopes
while  the  straw  was  enriched  with  heavy  Zn  and  light  Cd  isotopes.  No
significant isotope fractionation occurred between root and straw for Zn while
Cd was enriched in light isotopes in the roots compared with the straw. 
Cadmium and Zn behave chemically similar since they have a comparatively
high  electronegativity,  easily  form  bonds  with  organic  ligands  and  are  not
redoxsensitive  (Kabata-Pendias,  2011;  Maret  &  Moulis,  2013).  However,
compared with Zn, Cd is less stable in complexes with O and N but more stable
in complexes with S ligands  (Maret & Moulis,  2013).  Additionally,  Zn was
about 200 to 330 times more abundant than Cd in the bulk soils of LQ and Oen
(Table S1, S2). Because of the distinct chemical affinities and abundances of Cd
and Zn, Cd might hardly compete with Zn for O and N ligands but it might
effectively compete  for  S donor  ligands  in  such systems  (Maret  & Moulis,
2013).  Theoretical  calculations  revealed  that  lighter  Zn  isotopes  bind  to  S
ligands  of  organic  compounds  compared  to  O and N ligands   (Fujii  et  al.,
































revealed  that  lighter  Cd  bound  to  sulfides  compared  to  e.g.,  hydroxides  or
nitrates (Yang et al., 2015). 
Our data suggest that the opposing isotope fractionation of Zn and Cd in wheat
shoots  was  caused by the  distinct  affinities  of  these  elements  to  functional
groups of organic ligands. As previously suggested, isotopically light Cd might
be  dominantly  bound  to  S  ligands  such  as  glutathione  or  phytochelatin
immobilized in root and shoot cells  (Wiggenhauser  et al., 2016). In contrast,
isotopically heavy Zn is expected to be bound to O and N functional group of
organic ligands such as phytosiderophores or NA (Fujii et al., 2014; Marković
et  al.,  2017).  Together,  the opposing Zn and Cd isotope fractionation might
provide information of the ligand environment of these elements that separates
Zn from Cd in plants.
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Fig. S1 Analyzed organs in the wheat shoots.
Fig. S2 Zn isotope fractionation in soil-wheat systems.
Fig. S3 Relationship between the change of Zn mass and isotope ratios during grain
filling of wheat
Table S1  Soil properties.
Table S2  Concentrations of macro and micro nutrients and Cd.
Table S3a  Contribution of blanks to total Zn concentrations of the samples analyzed.
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Table 1 Dry weights (DW) and Zn concentrations in wheat shoots (Triticum 
aestivum L.). 
Dry Weight Zn concentration
flowering full maturity flowering full maturity flowering full maturity flowering full maturity
mean mean mean mean mean mean mean mean
g g g g
5.61 ± 0.25 C
17.8 ± 0.60 A
6.42 ± 0.91 B
12.9 ± 0.38 A
28.5 ± 1.16 A
23.7 ± 0.63 B
15.8 ± 1.07 A
15.6 ± 0.60 A
8.17 ± 0.44 B 6.85 ± 0.25 B 12.3 ± 0.24 C 6.7 ± 0.30 B
9.59 ± 0.17 a 6.03 ± 0.14 a 33.3 ± 0.93 a 25.8 ± 1.06 a
3.96 ± 0.25 a 3.70 ± 0.28 b 3.97 ± 0.74 a 3.96 ± 0.17 b 29.5 ± 1.45 a 7.65 ± 0.60 c 15.2 ± 3.11 b 4.95 ± 0.15 de
0.32 ± 0.02 c 0.56 ± 0.07 c 0.25 ± 0.02 c 0.30 ± 0.02 de 26.9 ± 0.57 ab 5.93 ± 0.16 c 17.2 ± 1.62 ab 4.65 ± 0.13 e
0.12 ± 0.01 d 0.44 ± 0.04 c 0.12 ± 0.02 d 0.22 ± 0.04 e 20.2 ± 1.00 c 15.7 ± 0.57 b 15.2 ± 0.94 b 7.46 ± 1.85 d 
0.13 ± 0.02 d 0.53 ± 0.02 c 0.18 ± 0.01 cd 0.42 ± 0.05 d 18.0 ± 1.33 c 18.0 ± 2.00 b 17.3 ± 1.57 ab 14.6 ± 1.85 b
0.84 ± 0.06 b 2.94 ± 0.13 b 1.15 ± 0.11 b 1.95 ± 0.05 c 29.3 ± 0.86 a 17.9 ± 0.92 b 22.3 ± 0.52 a 8.85 ± 0.65 c
0.25 ± 0.06 c 0.74 ± 0.03 b 21.5 ± 2.17 bc 7.4 ± 0.07 c
LQd Oend LQd Oend
sea sea sea sea sea sea sea sea











ase denotes standard error of n = 4 samples. Capital letters denote statistical difference (p < 0.05) between shoot at flowering and full maturity and straw at full maturity. Small letters denote 
statistical differences (p < 0.05) within each column. 
bNumber of tiller: flowering LQ 12 ± 0.41, Oen 10 ± 0.63; full maturity LQ 11 ± 0.91, Oen 6  ± 0.00 
CAt flowering, numbers represent DM and Zn concentration of tillers 1-3, all other tillers were defined as lower straw. At full maturity, numbers represent DW and Zn concentration of all tilllers.
dOrigin of the soils (LQ = Landquart, Oen = Oensingen)
Table 2 Comparison of Zn and Cd isotope fractionation in identical soil-wheat 
systems.
Zn conc. Zn conc.
mean se mean se mean se mean se
grain 33.3 ± 0.93 a 0.03 ± 0.01 b 25.8 ± 1.06 a 0.06 ± 0.01 b
straw 12.3 ± 0.24 b 0.10 ± 0.03 b 6.69 ± 0.30 c 0.14 ± 0.03 b
roots 28.5 ± 3.13 a 0.30 ± 0.04 a 14.0 ± 0.67 b 0.35 ± 0.02 a
mean mean mean mean
‰ ‰ ‰ ‰
grain 0.18 ± 0.00 b 0.66 ± 0.04 a 0.45 ± 0.01 b 0.62 ± 0.10 a
straw 0.49 ± 0.03 a 0.37 ± 0.04 b 0.66 ± 0.03 a 0.52 ± 0.07 b
roots 0.63 ± 0.05 a 0.13 ± 0.03 c 0.56 ± 0.10 ab 0.11 ± 0.05 c
LQc Oenc
Cd conc.b Cd conc.b
mg kg-1 mg kg-1 mg kg-1 mg kg-1
δ66Zn δ114Cdb δ66Zn δ114Cdb
sea sea sea sea
ase denotes standard error of n = 3 samples and small and capital letters denote significant differences of 
the mean values for Zn and Cd, respectively (p < 0.05).
bCadmium data were taken from Wiggenhauser et al. (2016); δ114Cd denotes isotope ratio of 
114Cd/110Cd expressed relative to a Cd isotope standard (NIST 3108).
dOrigin of the soils (LQ = Landquart, Oen = Oensingen)
25
Legends
Fig.  1:  Change of Zn mass per tiller  during grain filling in wheat  (Triticum
aestivum L.). LQ (Landquart, red) and Oen (Oensingen, blue) denote the origins
of the arable soils used for the pot experiment. The Zn mass balance in straw
organs was calculated as difference between mean Zn mass at full maturity and
at  flowering (n = 4).  Error bars illustrate  ± se of  calculated standard errors.
Letters denote significant differences among shoot organs in LQ and Oen. 
Fig. 2: Zinc isotope ratios at flowering and full maturity (circles, red: soil from
Landquart,  triangles,  blue:  soil  from Oensingen)  in  wheat  shoots  (Triticum
aestivum  L.). Error  bars illustrate  ± se of  n = 3 replicates.  Italic  and regular
letters  denote  significant  differences  between  the  shoots  for  LQ  and  Oen,
respectively. 
Fig. 3: a) Zn isotope ratios in shoot organs at flowering (green, circles) and full
maturity (brown, triangles) in wheat  (Triticum aestivum  L.). LQ (Landquart)
and Oen (Oensingen) denote the origins of the arable soils  used for the pot
experiment. a) Error bars illustrate  ± se of n = 3 replicates. Italic and regular
letters denote significant differences among shoot organs at flowering and full
maturity, respectively. b) Apparent Zn isotope fractionation during grain filling
in straw organs calculated as difference between mean Zn isotope ratios at full
maturity  and  at  flowering  (n = 3).  Error  bars  illustrate  ± se of  calculated
standard errors. Letters denote significant differences among shoot organs in
LQ and Oen. 
Fig.  4:  Conceptual  model  summarizing  major  pathways  and  Zn  isotope
fractionation  in  wheat  shoots.  1)  Zn  moves  with  the  transpiration  stream
towards expanded leaves such as the lower shoot and needs to be unloaded
from the xylem to enter the symplast. 2) During vegetative growth, expanded
leaves  might  preferentially  release  light  Zn  isotopes  through  the  phloem
towards developing tissues such as the spikelets. The released light Zn isotopes
are partly replaced by Zn derived from the xylem as long as the leaves are
transpiring. 3) In senescent tissues, Zn is remobilized towards phloem sinks and
is  not  replaced anymore which leads  to  a  stronger  enrichment  of  heavy Zn
isotopes. 4) The grains are a strong phloem sink and are enriched in light Zn
isotopes relative to the rest of the shoot because of preferential accumulation of
light  Zn  isotopes  from remobilized  light  Zn  in  straw during  maturation.  5)
Direct transport from soil to grain by xylem to phloem transfer in stem tissues
(unknown contribution to isotope fractionation). 6) During grain filling, the Zn
transferred  from root  to  shoot  becomes  isotopically  heavier  because  of  the
acquisition  of  heavy Zn isotopes  caused by root  exudation  of  organic acids
and/or 7) because of the export of light Zn isotopes via the phloem from shoot
to root. Figure layout based on Blindauer & Schmid (2010). 
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